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Distribution laws of casing external pressure, which are obtained by different scholars in different
conditions, are not the same. Thus, a model to calculate the external pressure of casing is estab-
lished with ﬁnite element method. In the model a contact is built between the outer wall of the
casing and the inner wall of the cement sheath. The casing external pressure can be got through
extracting contact force of results. The numerical results and analysis show that: The largest casing
external pressure exists in the direction of minimum horizontal stress of formation rather than in
the direction of the maximum horizontal stress. There exists such matching between the cement
sheath elastic modulus and formation elastic modulus: When the elastic modulus of the cement
sheath is small, reducing its value is conducive to reduce the casing external pressure and to
prolong casing service life. When the elastic modulus of the cement sheath is large, increasing its
value is conducive to reduce the casing external pressure and to prolong casing service life. The
casing external pressure will become large with the increase of Poisson's ratio of cement sheath.
With the increase of the degree of the formation stress unevenness, the maximum casing external
pressure increases and the smallest external decreases. The increasing of the non-uniformity de-
gree of formation stress makes the non-uniformity degree of casing external pressure and the risk
of casing failure increase. The study can provide certain reference for drilling workers to take
measures to prolong service life of casing.
Copyright © 2015, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In the area of petroleum drilling engineering, casing string
serves one of the most important functions in a well. The prob-
lem of casing failure exists in almost all oil ﬁelds in a number of
countries, such as the United States, Brazil, Mexico, China and so
on [1e4]. This problem led to the abandonment of the wells and
caused serious economic losses. Although the casing design
standards, such as API, GOCT and SY/T, have been amended forang).
troleum University.
ier on behalf of KeAi
niversity. Production and host
creativecommons.org/licenses/bmany times, there are still a lot of casings designed obeying the
standards failure. No matter what kind of standards are based on
the assumption that effective external pressure is evenly
distributed on the circumference of casing. This kind of design is
feasible for shallow well or the wells which have no complicated
down-hole problems, but it's not suitable for the well which
down-hole problems are complicated. Because the working
condition that the casing under uniform external pressure does
not exist in most cases in the actual drilling process. Another
reason is that casing external pressure is also inﬂuenced by the
matching between the formation elastic modulus and cement
sheath elastic modulus. These factors should also be considered
in the design and calculation of casing external pressure.
Early work on the collapse strength of a casing under external
pressure can be traced back to Clinedinst [5], Holmquist [6],
Murchey [7] and Charles [8]. Javidi [9] investigated failure anal-
ysis of a gas tubing string and studied the corrosion impact on
mechanical strength of gas tubing string. Tamano [10], Issa [11]ing by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open
y-nc-nd/4.0/).
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fections on the collapse strength of casings, and presented their
empirical equations using numerical analyses. They did not take
into account signiﬁcant geomechanical factors such as conﬁne-
ment mechanical stresses in design. Yin [13] established the
mechanical model of casing in directional well under in-situ
stresses taking the in-situ stresses and well trajectory into ac-
count. Yin [14] deduced the formula of annular volume change
under the synergy of temperature and pressure according to
thermoelasticity. Deng [15] analyzed the rule that the effect of
cement sheath properties on the casing external pressure
through the indoor simulation experiment. Due to the particu-
larity of its experimental materials, the resulting law is different
from the later scholars' research results. Yin [16], Li [17] analyzed
the distribution law of oil casing external pressure according to
the principle of plastoelasticity, the results were contrary to
Deng found. Mirzaghorbanali [18] performed a casing collapse
strength model based on the geomechanical stresses around the
casing and the ﬂuid effect. Chatterjee [19], Nabipour [20], Gao
[21] used the ﬁnite element analysis (FEA) to simulate the
stresses of casing-cement-formation system. The difference be-
tween the theoretical calculation and the FEA solution for von
Mises stress is tiny [22,23]. Lian [24] pointed out that the prob-
lem of casing deformation failure remains fundamentally un-
solvable through simply improving casing grade and wall
thickness to increase ﬂexural strength.
Based on the above analysis, casing-cement sheath-formation
stress ﬁnite element model is established to study the casing
external pressure considering the elastic modulus matching
situation. A point-to-point contact is built between the outer
wall of the casing and the inner wall of the cement sheath to
simulate the external pressure of casing. Then the distribution
and inﬂuence factors of casing external pressure are analyzed by
numerical method.2. Modeling
2.1. Mechanical model
We want to calculate the casing external pressure in certain
depth in a circumference of the outerwall of the casing, as shownFig. 1. Mechanical model diagram of cin Fig.1(c) of the red line. The unevenness formation stress acting
on casing can be expressed by maximum horizontal stress and
minimum horizontal stress. According to Saint Venant's princi-
ple, the impact of local stress change on inﬁnitely distant stress is
very small [25e27]. So the local formation stress will not be
affected by well-bore and remain unchanged where far from the
axis of well-bore. In the actual situation, the local formation
stress can not be affected by well-bore where the distance is 5e6
times of the hole diameter, 10 times diameter of the well will be
used in the model to reduce error. And as a result of the sym-
metry of structure, so we study a quarter of the structure. The
casing-cement sheath-formation physical model is shown in
Fig. 1. In the ﬁgure,s1, s2 represent maximum horizontal stress
and minimum horizontal stress.2.2. Finite element model
First of all, the following assumptions about casing-cement
sheath-formation system are made: (1) Isotropic material; (2)
Casing is inﬁnite in the longitudinal, only considering a cross
section of casing; (3) The shape of the casing cross section is
homogeneous circular, without considering the inﬂuence of
ovality and the unevenness of the wall thickness [28,29].
As a result of the symmetry of structure, we analyze a quarter
of the structure. PLANE42 of 2D plane element is selected. Ac-
cording to mesh principle, meshing is dense inside and sparse
outside. So it is sparse in the position of casing and cement
sheath and loose in formation. The casing is divided into 6 parts
in radial direction and 20 parts in circumferential direction. So
the grid number of casing is 120 in 1/4 model. The same is done
to cement sheath. Formation is divided into 60 parts in radial
direction and 20 parts in circumferential direction. So the grid
number of formation is 1200 in 1/4 model. Meshing is shown in
Fig. 2.
Symmetry constraint is applied to the bottom boundary,
including casing radius, cement sheath radius and formation
radius. The same constraint is applied to the left boundary.
Minimum formation stress is applied to the upper boundary.
Maximum formation stress is applied to the right boundary.
Then the model is loaded and solved.asing in non-uniform force stress.
Fig. 2. Meshing ﬁgure.
Fig. 3. External pressure distribution of casing.
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3.1. Case study
The basic data of calculating object are shown in Table 1.
The data in Table 1 is the typically date of materials. The
maximum horizontal stress and the minimum horizontal stress
are 62.5 Mpa and 45 Mpa when loading. The calculation results
are shown in Fig. 3.
It can be seen from Fig. 3, the pressure around the casing is
uneven, but the difference is very small which is related to the
degree of the formation stress unevenness (The impact of the
degree of the formation stress unevenness on the casing external
pressure will be introduced in detail later). The largest casing
external pressure exists in the direction of 90 (0 is the direction
of the maximum horizontal stress, 90is the direction of the
minimum horizontal stress). That is to say the largest casing
external pressure existed in the direction of minimum horizontal
stress not the direction of maximum horizontal stress.
3.2. Mechanism analysis and discussion
Imagine that the minimum formation stress and the
maximum formation stress acting on the outer wall of casing in
the reality, why the maximum external pressure would be
appear in the direction of minimum formation stress rather than
that of maximum formation stress? In order to analyze the rea-
sons, the expression formula of stiffness ratio between formation
and casing is introduced [17]. When the formation radius isTable 1
Material parameters of calculating model.
Material
name
Inside
diameter/
mm
Outer
diameter/
mm
Thickness/
mm
Elastic
modulus/GPa
Poisson's
ratio
Casing 220.5 244.48 12 210 0.3
Cement
sheath
244.48 304.48 30 10 0.25
Formation 304.48 3044.8 1370.2 25 0.25much bigger than the casing radius, the stiffness ratio is deﬁned
as Eq. (1).
l ¼ Esð1þ nsÞa
,
Ech
1 n2c

a2
¼ Es

1 n2c

a
Ecð1þ nsÞh (1)
where, Esdformation elastic modulus; Ecdcasing elastic
modulus; nsdformation Poisson's ratio; ncdcasing Poisson's ra-
tio; adcasing out diameter; hdwall thickness of the casing.
Normally, the distribution of the casing external pressure is
that the minimum external pressure existed in the direction of
the maximum horizontal stress. The casing external pressure
grows when it is close to the direction of the minimum hori-
zontal stress, which is similar to the results of the above model
example. The distribution of the casing external pressure is
shown in Fig. 4.Fig. 4. External pressure distribution of casing.
Fig. 6. External pressure distribution of casing.
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the casing like an oval which is long in vertical. That's means the
long axis of external pressure curve is in the direction of 90
(vertical direction). Earlier, some scholars have found this phe-
nomenon in the numerical calculation and now the same
conclusion is also obtained by the numerical simulation [16,17].
When the stiffness ratio between formation and casing is not
particularly small, for example orders of magnitude is greater
than 0.1, the distribution of casing external pressure is that the
minimum external pressure exists in the direction of the
maximum horizontal stress. And it grows when it is close to the
direction of the minimum horizontal stress.
But when the stiffness ratio between formation and casing is
very small, for example orders of magnitude is less than 0.001,
the distribution of casing external pressure will be different. The
maximum external pressure exists in the direction of the
maximum horizontal stress, the casing external pressure is get-
ting smaller when it is close to the direction of the minimum
horizontal stress. The distribution of the casing external pressure
is shown in Fig. 5 in this situation. Some scholars have done
simulated experiment of casing pressure in creep formation and
got the same result [15]. This is because the condition of simu-
lated experiment is that formation material is made by pressed
clay and water. The elastic modulus is low, formation specimen
size and stiffness are small. The formation is low stiffness
formation.
In order to verify the existence of this conclusion, new data is
reselected which makes the stiffness ratio very small. Take the
casing elastic modulus is 210 GPa, Poisson's ratio is 0.3, inner
diameter is 20.5 mm (this kind of situation rarely exists, increase
in the casing thickness in order to reduce the stiffness ratio, so
the casing diameter is very small), external diameter is
244.48 mm; The cement sheath elastic modulus is 10 GPa,
Poisson's ratio is 0.25, thickness is 30 mm; The formation elastic
modulus is 0.5 GPa (this kind of situation rarely exists, decrease
in the formation elastic modulus in order to reduce the stiffness
ratio, so the formation elastic modulus is very small), Poisson's
ratio is 0.25, the formation radius is 10 times of the hole diameter
in the model. The maximum horizontal stress is 62.5 MPa and
the minimum horizontal stress is 45 Mpa. The calculation results
are shown in Fig. 6.
The distribution of the casing external pressure can be seen
from Fig. 6. The casing external pressure decreases gradually
from the direction of the maximum formation stress to the di-
rection of the minimum formation stress. So the case in Figs. 5
and 6 only exists in the condition when the stiffness ratio be-
tween stratum and casing is very small.
According to the actual data of formation lithology, the order
of magnitude of stiffness ratio is 1 in most cases. This is because
the formation elastic modulus is lower by one order of magni-
tude than that of casing elastic modulus and the casing wallFig. 5. External pressure distribution of casing.thickness is lower by one order of magnitude than that of
external diameter of casing. So the result of Eq. (1) is approxi-
mately equal to 1. The order of magnitude of stiffness ratio is
0.001 and rarely exists in reality and the very low stiffness for-
mation exists only in special simulation experiments. So the
distribution forms of casing external pressure are like Fig. 4 in
most cases.4. Effects analysis
4.1. Effects of elastic modulus of cement sheath and formation
In the casing-cement-formation combination, formation pa-
rameters can't be changed. Casing mechanical parameters are
variable theoretically, but in fact the material has little room for
performance improvement and the cost is high. In contrast,
cement is low cost and can be prepared from construction site.
Its performance parameters are more likely to change. At pre-
sent, the main conclusions are as follows: Increasing elastic
modulus of cement sheath is effective for decreasing casing load.
Cement defects or eccentricity has a signiﬁcant impact on the
casing force [19], and so on.
E1 represents elastic modulus of formation and E2 represents
elastic modulus of cement sheath. E1 is ﬁxed as 25 GPa, E2 was
changed as 3GPa, 6GPa, 9GPa, 12GPa, 15GPa. The results are
shown in Fig. 7.
It can be seen from Fig. 7: With the increase of cement
sheath elastic modulus, the casing external force increases.
However, we can't consider that the law of cement sheath
elastic modulus impact on casing external force is this. Because
it is the variation of casing external force only when the cement
sheath elastic modulus is small. If the cement sheath elastic
modulus is larger, whether there will be other cases? Therefore,
greatly increase the elastic modulus of the cement sheath to
20 GPa, 30 GPa, 40 GPa, 50 GPa and then calculate. The results
are shown in Fig. 8.
It can be seen from Fig. 8: With the increase of cement sheath
elastic modulus, the casing external pressure increases. But
when the elastic modulus of cement sheath increases to 30 GPa
the external pressure of casing has already begun reducing.
When the elastic modulus of cement sheath increases to 50 GPa
Fig. 7. External pressure distribution of casing with different elastic modulus of cement sheath.
H. Zhang et al. / Petroleum 2 (2016) 108e115112the external pressure of casing becomes smaller. In order to
observe the varying law of casing external pressure more clearly,
three points of outer casing are taken. They are as follows:
0 point (minimum external pressure of casing), 45 point
(contrasting point), 90 point (maximum external pressure of
casing). The graph of casing external pressure on these three
points varying with cement sheath elastic modulus is plotted.
The results are shown in Fig. 9.
It can be seen from Fig. 9: When the elastic modulus of cement
sheath is much larger than the elastic modulus of formation (in
this case more than 25 GPa), increasing the elastic modulus of
cement sheath is good for reducing the external pressure of casing
and prolonging its service life. However, the rate of casing external
pressure change is relatively ﬂat and the effect is not obvious
under this condition. When the elastic modulus of cement sheath
ismuch smaller than the elastic modulus of formation (in this case
less than 25 GPa), decreasing the elastic modulus of cement
sheath is good for reducing the external pressure of casing and
prolonging its service life.What ismore, the rate of casing external
pressure change is relatively steep and the effect is obvious under
this condition. In the process of elastic modulus of cement sheath
increasing from 3 GPa to 50 GPa, the distance between maximumFig. 8. External pressure distribution of casing witcasing pressure (90 point on the curve) and minimum casing
pressure (0 point on the curve) increases. So the difference be-
tween maximum casing pressure and minimum casing pressure
increases. That is to say the uneven degree of casing pressure
distribution increases. And this increases the risk of casing failure.
At rig site, elastic modulus of cement sheath is 3e15 GPa in gen-
eral, which is smaller than elastic modulus of formation. So in this
case, it should be possible to decrease the elastic modulus of
cement sheath in order to reduce the external pressure of casing.
And the effect on improving casing pressure conditions is more
signiﬁcant by decreasing elastic modulus of cement sheath than
by increasing it.
4.2. Effects of Poisson's ratio of cement sheath and formation
The variation range of Poisson's ratio of cement sheath and
formation is small. V1 represents Poisson's ratio of formation and
V2 represents Poisson's ratio of cement sheath. V1 is changed as
0.1, 0.2, 0.3, 0.4, 0.45. The calculation is shown in Fig. 10.
It can be seen from Fig. 10: With the increase of formation
Poisson ratio, the casing external pressure decreases. So a large
formation Poisson's ratio is good for extending casing life.h different elastic modulus of cement sheath.
Fig. 9. External pressure plot of three points on casing.
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shown in Fig. 11.
It can be seen from Fig. 11: With the increase of cement
sheath Poisson ratio, the casing external pressure increases. So
a small cement sheath Poisson's ratio is good for extending
casing life.
At rig site, formation Poisson ratio can't be changed. So we
should minimize cement Poisson's ratio and this is good for
improving the situation casing pressure and for extending casing
life.
4.3. Effects of the non-uniformity degree of formation stress
In order to study the inﬂuence of the non-uniformity degree
of earth stress on casing external pressure, the non-uniformity
coefﬁcient of earth stress is deﬁned as the ratio of minimum
horizontal earth stress and maximum horizontal earth stress.
That is:
k ¼ sh=sH (2)
The smaller the value of k is, the greater the difference
between minimum horizontal earth stress and the maximum
horizontal earth stress is, which indicates that the non-Fig. 10. External pressure distribution of casinguniformity degree of earth stress increases. When the value
of k is 1, it indicates that the earth stress is uniform. The sum
of the two stresses is ﬁxed and the non-uniformity coefﬁcient
of earth stress can be changed by varying the two stresses.
The two stresses are taken as follows: (53.75 Mpa, 53.75 Mpa,
k ¼ 1); (62.5 Mpa, 45 Mpa, k ¼ 0.72); (65 Mpa, 42.5 Mpa,
k ¼ 0.65); (67.5 Mpa, 40 Mpa, k ¼ 0.59); (70 Mpa, 37.5 Mpa,
k¼ 0.53); (72.5Mpa, 35Mpa, k¼ 0.48). Other parameters are not
changed. The calculation is shown in Fig. 12.
It can be seen from Fig. 12: With the increase of the non-
uniformity degree of earth stress, the maximal casing external
pressure increases and the minimal casing external pressure
decreases. The increase of the non-uniformity degree of earth
stress makes the non-uniformity degree of casing external
pressure and the risk of casing damage increase. So at rig site, we
should try to take measures to make casing external pressure
uniform.5. Conclusions
From all the simulations made in this work and the obtained
results, the following conclusions can be raised:with different Poisson's ratios of formation.
Fig. 11. External pressure distribution of casing with different Poisson's ratios of cement sheath.
Fig. 12. External pressure distribution of casing with different non-uniformity degrees of formation stress.
H. Zhang et al. / Petroleum 2 (2016) 108e115114(1) Under normal circumstances (cement sheath and forma-
tion are not handled specially), the largest casing external
pressure exists in the direction of minimum horizontal
stress rather than in the direction of the maximum hori-
zontal stress. Only in the formation of low stiffness,
maximum casing external pressure appears in the direc-
tion of maximum horizontal earth stress.
(2) When the elastic modulus of cement sheath is much
smaller than the elastic modulus of formation, decreasing
the elastic modulus of cement sheath is good for reducing
the external pressure of casing. What is more, the rate of
casing external pressure change is relatively steep and the
effect is obvious under this condition. When the elastic
modulus of cement sheath is much larger than the elastic
modulus of formation, increasing the elastic modulus of
cement sheath is good for reducing the external pressure
of casing. However, the rate of casing external pressure
change is relatively ﬂat and the effect is not obvious under
this condition. At rig site, elastic modulus of cement
sheath is 3e15 GPa in general, which is smaller than elastic
modulus of formation. So in this case, it should be possible
to decrease the elastic modulus of cement sheath in orderto reduce the external pressure of casing. And the effect on
improving casing pressure conditions is more signiﬁcant
by decreasing elastic modulus of cement sheath than by
increasing it.
(3) With the increase of formation Poisson ratio, the casing
external pressure decreases. With the increase of cement
sheath Poisson ratio, the casing external pressure in-
creases. With the increase of the non-uniformity degree of
earth stress, the maximal casing external pressure in-
creases and the minimal casing external pressure de-
creases. The increase of the non-uniformity degree of
earth stress makes the non-uniformity degree of casing
external pressure and the risk of casing damage increase.Acknowledgments
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